This study focused on the effects of starvation on physical characteristics of flocs in SBR for treating saline wastewater. Feeding was stopped for 5 and 15 days. A time response of the floc to these starvation periods was monitored as well as the removal efficiencies of pollutants. Correlation between the physical characteristics of flocs and settling of sludge was conducted. As the starvation periods were increased, there was a shift in the floc size distribution from a high proportion of large flocs to the development of small size flocs. The fractal dimension of flocs also decreased, as starvation periods were increased. From the results, the effect of starvation on SBR treating saline wastewater can be ordered as follows: COD Mn removal , floc size and fractal dimension , T-N removal , T-P removal.
Introduction
In many wastewater systems, variable loading condition and even starvation periods are commonly encountered. Large variations of plant loading are observed in tourist regions, and can be caused by variable industrial loads (Morgenroth et al., 2000; Yilmaz et al., 2007) . Some race tracks and fish markets produce wastewater only during weekends. Even under a normal operating condition, wastewater treatment plants have to stop the treatment for cleanup, inspection, and handling accidents, etc. In such cases, microbial growth is substrate limited and endogenous processes under starvation condition significantly influence the amount of active biomass and overall system performance (Lopez et al., 2006) .
The effect of starvation condition can be observed by monitoring a decrease in oxygen utilization rate (OUR), biomass activity, and volatile suspended solid (VSS), etc. (Coello-Oviedo et al., 2003; Lopez et al., 2006) . While using these results makes the biological wastewater system under starvation understandable, there is still limited knowledge about the physical characteristics of flocs under starvation. The physical characteristics of flocs, like size distribution and morphology, play an important role in determining the solid -liquid separation efficiency for biological wastewater treatment processes. Despite the apparent importance of the physical characteristics of floc in these processes, few studies about the effect of starvation on physical characteristics of flocs produced from biological wastewater treatment have been conducted (Horan and Shanmugan, 1986) .
Therefore, this study aimed at investigating the effects of starvation on physical characteristics of flocs, such as size distribution and morphology, and at studying the potential correlation among these parameters for treating saline wastewater. The removal efficiencies of COD Mn , T-N and T-P were also monitored before and after starvation to find the required recovery time and management strategy.
Materials and methods
The laboratory experimental system consists of two parallel SBR systems with a working volume of 10 L. The SBR systems were operated in a cycle of 12 h including 5 min fill period, 5.5 h reaction period of anaerobic mixing, 5.5 h reaction period of aerobic mixing, 50 min for settling, and 5 min for effluent discharge. The SBR was fed with a synthetic saline wastewater. 5 L of synthetic wastewater was fed during the filling period. 5 L was withdrawn out of the reactor at the end of the settling period, resulting in a hydraulic residence time of 24 h. The sludge retention time (SRT) in the reactors was adjusted at 10 days by wasting 0.5 L of sludge from the mixed reactor during the aerobic mixing period. F/M ratio was 0.34 kg COD Cr /kg MLSS day or 0.17 kg COD Mn /kg MLSS day. A different starvation period was used for each reactor, 5 and 15 days respectively. During the starvation, sludge was kept under anaerobic conditions. Chemical analysis of samples followed the Standard Method (1992) except COD. Since the Korean government regulates COD Mn instead of COD Cr , COD Mn was analyzed in this study. For analyzing COD Mn , enough AgSO 4 was added to the samples to eradicate the chloride interference (Korean Standard Method, 1994) . The synthetic saline wastewater contained 1000 , 1200 mg/L of COD Cr , 500 , 600 mg/L of COD Mn , 250 , 300 mg/L of T-N, 15 , 20 mg/L of T-P and 10,000 mg/L of salinity as NaCl. The synthetic saline wastewater was prepared with fish meal and detailed composition can be found elsewhere (Moon et al., 2003) .
The fractal dimension of floc was measured by Small Angle Laser Light Scattering (SALLS) technique to represent floc morphology. The SALLS was reported to rapidly determine the fractal dimension of biological wastewater floc without disruption. Diffraction Particle Sizer (Malvern Mastersize/E model) was used to measure size and fractal dimension.
Results and discussion
The effects of starvation on removal efficiencies of the two reactors were determined by monitoring the effluent COD Mn , T-N, and T-P. Figure 1 shows the variation of COD Mn removal efficiencies.
Typically, 30-40 days corresponding to 3-4 times SRT was required to reach stable operation conditions in each SBR. The average removal efficiencies of COD Mn calculated by using the removal efficiencies collected after 30 days of operation before starvation at each reactor were 91.5 and 91.6%. After 5 and 15 days of starvation, the removal efficiencies of COD Mn sharply decreased to 65.3 and 18.6%. For 5 days starvation, the removal efficiencies of COD Mn reached steady state at about 20 days of re-operation. However, the removal efficiencies of 5 days starvation collected after 30 days of re-operation decreased slightly. And the removal efficiencies of COD Mn after 15 days starvation did not reach the steady state and required longer recovery periods. Figure 2 shows the effect of starvation on the removal efficiencies of T-N. The removal efficiencies of T-N were 44.3 and 44.0%. After 5 and 15 days of starvation, the removal efficiencies of T-N were decreased to 23.3 and 8.6%.
As the starvation periods increased, the removal efficiencies of T-N rapidly decreased. To reach the steady state, much longer recovery periods were needed for T-N removal than those for COD Mn . More than 40 days (4 times of SRT) for 5 days starvation would be required to reach the T-N removal efficiencies of normal operation. This is, however, inconsistent with the results as reported by Morgenroth et al. (2000) . They reported that no significant effects of starvation on ammonia oxidation were observed for idle periods of 6 and 12 days. A direct comparison might be difficult, as the wastewater composition and operation were different. They reported that nitrite accumulation must be prevented after long idle phases. To prevent nitrite accumulation, they reported the time for denitrification must be increased and an external carbon source must be supplied until nitrite concentrations have decreased. Further investigations on such an operation strategy and solid-liquid separation efficiencies will be needed. Figure 3 shows the effect of starvation on the removal efficiencies of T-P. Removal efficiencies of T-P after 5 and 15 days of starvation drop to 28.6 and nearly zero %. These results showed that the starvation most significantly affected the T-P removal efficiencies. More than 40 days of recovery time for 5 days starvation was required to reach the steady state removal efficiencies. But even though the efficiency was significantly deteriorated, the trend of recovery rate of T-P, especially for 15 days of starvation, was more rapid than that of T-N in this study. Previous research reported that an imbalance between phosphorus release and uptake caused by the decay of active biomass and of storage products during starvation periods led to the deterioration of T-P removal efficiencies (Carucci et al., 1999; Lopez et al., 2006) . Figure 4 shows the variation of the floc size and fractal dimension during this experiment. After 40 days of acclimation, the size and fractal dimension of flocs reached the steady state. Compared with COD Mn , longer periods for reaching the steady state were required for the floc size and fractal dimension.
After starvation of 5 and 15 days, both floc size and fractal dimension were decreased. After 5 and 15 days of starvation, the mean floc size decreased from 204.2 to 149.0, and 201.9 to 125.3. Figure 5 shows the size distributions of floc for starvation of 5 and 15 days. The frequency histograms of the floc size show that as the starvation periods increased, there way a shift in the floc size distribution from a high proportion of large floc to the development of small size flocs. Larger decrease in relatively larger size flocs could be observed, possibly as a result of the death of higher microorganism and deflocculation of flocs due to the lack of substrate. As the flocs became smaller, their shapes became more irregular, which corresponds to small values of fractal dimension. Microscopic examination revealed a marked reduction in the number of individuals belonging to groups of higher organisms and the flocculating structure of flocs. The process of reduction in the size of organisms present in the reactor is one of the adaptation responses to starvation conditions. When feeding after 5 days starvation was resumed, both the floc size and fractal dimension increased. The floc size needed about a 20-day recovery period and the fractal dimension required 30 days to reach the flocs size and fractal before starvation. However, the floc size and fractal dimension were not recovered for 15 days starvation.
It has been found that the settling properties of sludge flocs are strongly affected by floc structure.
Previous studies reported that a strong correlation exits among floc size, fractal dimension and sludge volume index (SVI) (Moon et al., 2003) . A higher SVI was associated with a smaller mean floc size and fractal dimension. Table 1 shows the relationship between SVI and fractal dimension for starvation of 5 and 15 days. These results show that SVI are linearly correlated to the floc size and fractal dimension. From the practical viewpoint, to improve the removal efficiencies after starvation, the physical characteristics of flocs should be considered in the separation process.
Conclusions
Starvation rapidly decreased the removal efficiencies in the order COD Mn , T-N , T-P, and recovery periods were adversely ordered. After 5 and 15 days of starvation, the removal efficiencies of T-P sharply decreased from 52.1 and 47.2% to 28.6 and nearly zero%, from 91.5 and 91.6% to 65.3 and 18.6% for COD Mn and from 44.3 and 44.0% to 23.3 and 8.6% for T-N removal efficiencies, respectively. As the starvation periods were increased, there was a shift in the floc size distribution from a high proportion of large floc to the development of small size flocs. After 5 and 15 days of starvation, the mean floc size decreased from 204.2 and 201.9 to 149.0 and 125.3 mm, respectively. The fractal dimension of flocs also decreased from 1.93 and 1.92 to 1.72 and 1.62, as starvation periods were increased.
The SVI was linearly correlated to the floc size and fractal dimension. From the results, the effect of starvation on SBR treating saline wastewater can be ordered as follows: COD removal , floc size, fractal dimension , T-N removal , T-P removal.
